After recent results from solar neutrino experiments and KamLAND we can definitely say that neutrinos from SN1987A underwent flavor conversion, and the conversion effects must be taken into account in the analysis of the data. Assuming the normal mass hierarchy of neutrinos we calculate the permutation factors p for the Kamiokande-2, IMB and Baksan detectors. The conversion inside the star leads to p = 0.28 − 0.32; the oscillations in the matter of the Earth give partial (and different for different detectors) regeneration of the originalν e signal, reducing this factor down to 0.15 -0.20 (at E = 40 MeV). We study in details the influence of conversion on the observed signal depending on the parameters of the original neutrino spectra. For a given set of these parameters, the conversion could lead to an increase of the average energy of the observed events up to 50% and of the number of events by a factor of 2 at Kamiokande-2 and by a factor of 3 -5 at IMB. Inversely, we find that neglecting the conversion effects can lead up to 50% error in the determination of the average energy of the originalν e spectrum and about 50% error in the original luminosity. Comparing our calculations with experimental data we conclude that the Kamiokande-2 data alone do not favor strong conversion effect, which testifies for small difference of the originalν e andν µ spectra. In contrast, the combined analysis of the Kamiokande and IMB results slightly favors strong conversion effects (that is, large difference of the original spectra). In comparison with the no oscillation case, the latter require lower average energy and higher luminosity of the originalν e flux.
Introduction
After recent results from solar neutrino experiments, and first of all SNO [1, 2, 3] , as well as from the reactor experiment KamLAND [4] , which have selected the Large Mixing Angle (LMA) MSW solution of the solar neutrino problem, we can definitely say that neutrinos from SN1987A got converted. The neutrino flavor transformations influenced the signals observed in 1987 by Kamiokande-2 (K2) [5, 6] , IMB [7, 8] and Baksan [9] . Conversion effects must be taken into account in the analysis of the data and in the determination of properties of the original neutrino fluxes. Results obtained without conversion are to some extent incorrect.
The conversion of neutrinos associated to SN1987A has been extensively studied before (see [10] - [22] for an incomplete list of references). Here we comment on some papers which are relevant for our present discussion.
It was suggested [23] that the difference of signals detected by the K2 and IMB detectors can be explained partially by the oscillations of neutrinos in the matter of the Earth since the distances crossed by neutrinos on the way to these two detectors were different. The suggestion implied, however, a large lepton mixing, which was not a favored idea at that time. The detailed calculations have been done 13 years later [18] , when certain hints appeared that LMA could be the correct solution of the solar neutrino problem.
In connection to SN1987A, Wolfenstein considered antineutrino conversion in the star in the case of large mixing [10] . He concluded that conversion leads to a harder energy spectrum of the observed events and, possibly, to a larger number of events.
In the attempt to restrict the large lepton mixing, the conversion of antineutrinos in the non-resonance channel has been considered in details [16] . From the analysis of the SN1987A data the bounds on the permutation factor (p < 0.35), and consequently, mixing angle have been obtained. It was found that the bound is weaker in the LMA range, and the Earth matter effect further relaxes it.
A detailed analysis of the SN1987A data based on the Poisson statistics has been performed by Jegerlehner et al. [17] , who found that data do not allow a definite conclusion on the oscillations hypothesis. In the event that a large neutrino mixing is confirmed (as it has been recently), the data analysis would point toward average neutrino energies (at production in the star) lower than what theoretically predicted. By combining solar and SN1987A data, the authors of refs. [20, 21] concluded that the LMA region was the most suitable, among the large mixing solutions of the solar neutrino problem, to reconcile SN1987A data and predictions from numerical supernova codes, in agreement with [16] .
In ref. [18] , following the early suggestion [23] , we have considered the possibility that certain features of the energy spectra of the events detected by K2 and IMB can be explained by neutrino oscillations in the matter of the Earth. This fixes several bands in the ∆m 2 − cos 2θ plane. It was concluded that data favor the parameters of LMA solution and the normal mass hierarchy. The inverted mass hierarchy is disfavored, unless the 1 − 3 mixing angle is very small [19] (see however [22] which coincides with the third band (from the bottom in ∆m 2 scale) found in [18] . In this paper we revisit the conversion of neutrinos from SN1987A using the latest information on neutrino mass spectrum and mixing. We address the questions of how neutrinos were converted, how conversion modified the observed signals and what could be the error in the determination of the original neutrino fluxes if conversion is not taken into account.
The analysis of the SN1987A data and a determination of the original spectra as precise as possible are needed not only to understand what happened in 1987 but also to compare with the results of future detections of neutrino bursts from supernovae. Detections of supernova neutrinos are rare events and furthermore each supernova is unique. Indeed, the mass of the progenitor, luminosity, rotation, magnetic fields, chemical composition can be substantially different, and as a consequence, the properties of the neutrino fluxes can vary. Thus, future high statistics detections are not expected to reproduce the same features as those of SN1987A, but will give somehow complementary information. The comparison of neutrino signals from different supernovae would be extremely important for understanding the latest stage of star evolution, the dynamics of core collapse and explosion.
The paper is organized as follows. In sec. 2 we consider conversion of antineutrinos and calculate theν e survival probabilities and permutation factors for Kamiokande-2, IMB and Baksan. In sec. 3 the effects of conversion on the observed signals are studied depending on the parameters of the original spectra. In sec. 4 we compare the predictions with the experimental results and make some indicative conclusions on properties of the original fluxes. The results are summarized in sec. 5.
Neutrino conversion. Permutation factor
As a consequence of the equality of the originalν µ andν τ fluxes,
x , the conversion effects in the antineutrino channel are described by the unique probability P ee ≡ P (ν e →ν e ) which is the totalν e survival probability from the production point to the detector [24] (see however [25] ). P ee takes into account the conversion/oscillation effects inside the star, on the way from the star to the Earth and oscillations in the matter of the Earth. Using P ee , the electron antineutrino flux at the detector, Fē, can be written in terms of the original fluxes as
where
is the difference of original fluxes. The combination
is often called the permutation factor (indeed, if P ee = 0, p = 1 and Fē = F 0 x , that is, as a result of conversion the initial spectra are permuted).
After the recent determination of the oscillation parameters, and with a few plausible assumptions, the physics of conversion is basically determined and the probability P ee = P ee (E) can be calculated reliably.
In general, taking into account the loss of coherence between mass eigenstates on the way from the star to the Earth, we can write
where P
SN ei
is the probability of theν e →ν i transition inside the star, and P
Earth ie
is the probability ofν i →ν e transition inside the Earth. Hereν i are the neutrino mass eigenstates.
We assume the following.
• There are only three neutrinos, and if additional (sterile) neutrinos exist, their mixings with active neutrinos are negligible.
• Neutrinos have normal mass hierarchy, or if the hierarchy is inverted, the 1-3 mixing is very small, so that its effect can be neglected (see [24] ).
• The density profile in the region of 1-2 resonance coincides with the progenitor profile during the neutrino burst (∼ 10 s). It is not affected by shock wave propagation. Even if the profile changes with time, the adiabaticity character of conversion remains unchanged due to large 1-2 mixing.
(We will comment on effects of possible relaxation of these condition in the sec. 5.) Under the above assumptions the dynamics of neutrino conversion is completely determined: 1). Inside the star the electron antineutrinos are adiabatically converted into the mass eigenstateν 1 [24] 
and consequently, P SN e1 = 1, whereas P SN ei = 0 for i = 1. Indeed, in assumption of normal mass hierarchy there are no level crossings in the antineutrino channel. Furthermore, in the production point the mixing is strongly suppressed, so that there we haveν e =ν 1m , whereν 1m is the eigenstate of the neutrino propagation in matter. For the parameters (1) the propagation is highly adiabatic and so the neutrino state coincides withν 1m during the whole propagation. At the surface of the star (zero matter density)ν 1m equalsν 1 . Corrections due to possible deviations from the adiabaticity are negligible.
2). Being an eigenstate of the Hamiltonian in vacuum,ν 1 propagates without any change from the surface of the star to the Earth.
3). Inside the matter of the Earthν 1 oscillates, in particular toν e :
We denote the probability of this transition as P Earth 1e
.
According to this physical picture and eq. (5), the survival probability can be written immediately:
Thus, the total survivalν e →ν e probability simply coincides with P Earth 1e
inside the Earth. If the star is not shielded by the Earth, we find
in the standard parameterization of the vacuum mixing matrix (see e.g. [26] ). Furthermore, if the 1-3 mixing is small enough the probability equals
where the angle θ 12 is immediately obtained from the analysis of the solar neutrino data and KamLAND results in the two neutrino framework, eq. (1). If the 1-3 mixing is near the present upper bound, sin 2 θ 13 < ∼ 0.06 [27, 28, 29, 30] , and we are interested in ∼ 10% corrections, the complete expression (9) should be used. The solar neutrino data allow us to measure immediately the combination cos 4 θ 13 sin 2 θ 12 in high energy experiments and cos 4 θ 13 (1 − 0.5 sin 2 2θ 12 ) in future low energy experiments. These combinations differ from that in eq. (9), therefore independent measurements of θ 13 are needed to know P Earth 1e
accurately. In the present discussion of the SN1987A signal we can neglect corrections due to non-zero 1-3 mixing, since the errors produced in doing so are within the present accuracy of determination of θ 12 .
The probability of oscillations inside the Earth can be written as
wheref reg is called theν e regeneration factor. Notice thatf reg > 0, because inside the Earth the matter density is higher than in the cosmic space. So, there is partial return to the initial condition of high density in the production point, where the neutrino state isν e . Thus, the oscillations inside the Earth weaken the net conversion effect. In the two neutrino context, the permutation factor can be written then as
and the flux of the electron antineutrinos at the detector equals:
In spite of its simplicity, this expression gives a precise description of the neutrino conversion effect. The permutation factor does not depend on time during the neutrino burst, in the assumption that the matter density profile in the star does not undergo a drastic time evolution.
We have performed exact numerical calculations of the probability P Earth 1e
and regeneration factor using the Earth density profile from [31] . The fig. 1 shows the permutation factor p = 1 − P Earth 1ē
for Kamiokande-2, IMB and Baksan detectors for two different choices of the oscillation parameters from the LMA allowed region. To remove the unobservable fast oscillations we have averaged the probability over energy as follows:
In the figures ∆E = 2 MeV was taken for illustration.
The following remarks are in order. Due to the larger distance crossed by neutrinos inside the Earth, for the IMB detector the frequency of the oscillatory curve in the energy scale is twice as large as the frequency for K2. The depth of oscillations is nearly the same for all detectors, but the phase of oscillations is different.
Also the averaged permutation factorp has the same energy dependence for all detectors: For comparison we show also the permutation factors for ∆m 2 = 5.2 · 10 −5 eV 2 which is at the border of the allowed region and in the lower band identified in [18] from the spectral features.
Notice that with decrease of ∆m 2 both the depth of modulation and its period increase. In particular, f reg ∝ 1/∆m 2 . Now in the minimum of the K2 curve at 40 MeV we find p = 0.15. The minima are also slightly shifted in energy.
The permutation factor increases with the mixing according to eq. (12); at the same time the regeneration factor changes weakly.
The fig. 2 shows values of the regeneration factorf reg for K2 and IMB in the ∆m 2 − sin 2 θ 12 plane for E = 40 MeV. For other energies the result can be obtained from fig. 2 by rescaling of ∆m 2 :f reg (E, ∆m 2 ) =f reg (∆m 2 × (40MeV/E)). For the best fit values of the oscillation parameters we havef reg ≃ 0.08 at Kamiokande-2 for E = 40 MeV.
Concluding this part we can definitely say, that
• the permutation factor due to conversion inside the star is about 0.2 -0.4 with most plausible value 0.28 -0.30;
• for all detectors this factor is modulated significantly by the Earth matter effect, which suppresses the permutation down to ∼ 0.17 for E = 40 MeV. The modulation effect due to oscillations inside the Earth increases with energy.
The effect inside the star is determined mainly by the mixing sin 2 θ 12 and practically does not depend on ∆m 2 . In contrast, the oscillations inside the Earth are very sensitive to ∆m 2 and also depend on mixing. Future operation of the KamLAND experiment will allow us to determine ∆m 2 even better, and therefore to have more precise determination of the Earth matter effect. Improvements in the determination of the mixing angle may follow from further operation of SNO.
Notice that in spite of the relatively small values of the permutation factor and even smaller Earth matter effect, the influence of conversion on the neutrino fluxes can be strong. Indeed, if the originalν x flux has substantially larger average energy than theν e flux, then F 0 e ≪ F 0 x in the high energy tail of the spectrum, due to the exponential decrease of the fluxes with the increase of energy. Therefore the observed flux at high energy will be dominated by the converted flux (second term in eq. (2)).
Conversion effects and original spectra
According to eq. (2) the effect of conversion on the neutrino spectra, and, consequently, on the spectra of observed events, is proportional to the difference of the originalν e and ν x fluxes. In view of the large uncertainties in these original fluxes (see e.g. the summary in [32] ) we will study systematically the conversion effects depending on the values of the parameters of the original spectra.
We will use the following parametrization of the instantaneous original fluxes of neutrinos, which depends explicitly on the integral characteristics [32] :
where L z is the total (integrated over the neutrino energy) luminosity in the flavor z and E 0z is the average energy (as it can be checked by explicit calculation); D is the distance to the star; and α z plays the role of a pinching parameter. It is estimated to be in the interval [32] 
The width of the spectrum (15) equals
The Fermi-Dirac spectrum corresponds to α z ≃ 2.3. The parameters of neutrino fluxes change with time during the neutrino burst:
In particular, the spectra may have two different time components (see e.g. the review in [33] and references therein): one from the accretion phase, and another one from the cooling phase. During these phases the parameters of the spectra can be substantially different whereas within each phase they change slowly.
The integral characteristics of the original spectra relevant for our discussion are the average energy of the electron antineutrino spectrum, E 0e ; the luminosity in the electron antineutrinos, L e ; the ratio of the average energies of the muon/tau and electron antineutrino spectra, r E , and the ratio of the corresponding luminosities, r L :
the pinchings of theν e andν x spectra, α e and α x .
In the following we consider the signals observed in the Cerenkov detectors K2 and IMB. The features of the predicted neutrino signal at Baksan and the consistency with the observed data are discussed at the end of sec. 4. The differential spectra of the detected positrons fromν e +p → e + + n are given by
where i = K2, IMB, ǫ and ǫ ′ are the observed and the true energies of the positron respectively,
T is the number of target particles in the fiducial volume, E (i) is the detection efficiency. In (19) the energy resolution function, R (i) (ǫ, ǫ ′ ), is taken in the Gaussian form with σ ǫ = 0.87 ǫ/MeV for K2 [6] and σ ǫ = 1.16 ǫ/MeV for IMB [7] . The fluxes of antineutrinos at the detectors, F (i) e (E) are given by eqs. (15) and (13) . We use the differential cross section of the detection reaction, dσ(ǫ ′ , E)/dǫ ′ , calculated in [34] . The conversion effects (p (i) ) have been found using the best fit values of oscillation parameters given in eq. (1).
The signals at the various detectors will be characterized by the following integral characteristics.
-rate, or total number of the observed events N (i) :
-the average energy of the detected (electron antineutrino) events,ǭ (i) :
-width of the observed spectrum:
We calculate these characteristics of the K2 and IMB signals as functions of the parameters of the original neutrino spectra. The results can be considered as instantaneous characteristics of observed events or as the integral characteristics if parameters of original spectra do not change during the neutrino burst. This matches the model presented in the upper panel of Table 4 in ref. [33] 1 . Results for the observed numbers of events and average energies are presented in the figs. 3-6, and summarized in the Table 1 . They refer to the case in which α e = α x = 3, so that the corresponding widths are equal and fixed to the value γ = 0.5, according to eq. (17) . Fig. 7 shows results for the widths Γ (i) and illustrates their dependence on α = α e = α x . A further illustration of the α-dependence is given in Table 2 .
Let us summarize the effects of flavor conversion: 1). The conversion leads to an increase of the average energy of the observed events ( fig. 3 ). According to fig. 3 , for K2 the dependence ofǭ (i) on E 0e is linear in a wide interval of energies (E 0e > 5 MeV) due to the low energy threshold, and it can be approximated with a good accuracy byǭ
We find A(1, 1) = 1.24, 1.32, 1.47, 1.58 for r E = 1.0, 1.2, 1.6, 2.0 respectively. For IMB, due to the higher energy threshold, the the dependence is linear in a restricted interval only. Due to their dependence on the difference of the originalν e andν x fluxes, eq. (2), the conversion effects increase with r E . In the wide energy range E 0e = (8 − 11) MeV (and for
increase by up to ∼ 37% with the variation of r E between 1 and 2. This change is substantially larger than the 1σ experimental interval, which equals (i) on r L is mild at low-intermediate energies and becomes slightly stronger at high E 0e and for larger r E . For r E = 1.6 we have that as r L varies from 0.67 to 1.5 the change inǭ (i) does not exceed ∼ 7% for K2 and ∼ 3.5% at IMB. The latter dependence is weaker due to the higher IMB energy threshold, which results in a reduced sensitivity of the IMB signal to the softer component of the spectrum due to the originalν e flux.
The plot ( fig. 3 ) allows us to estimate the errors in the determination of E 0e in the case when conversion is not taken into account. One can see that in the no-oscillation case the observed average energy at K2 corresponds to E 0e = 8.8 MeV, while the IMB observation is reproduced for E 0e = 14.7 MeV. With conversion these two values become as low as E 0e = 5.4 MeV and E 0e = 7.6 MeV respectively. So, not taking into account conversion can lead to an error in the determination of the average energy (or temperature) of the original spectrum as large as 40 -50%.
2). The conversion leads in general to an increase of the number of events (an exception is the case of low non-electron flux, r L < 1, and r E ∼ 1). The number of events is proportional to theν e luminosity, L e :
0 is the number of events in the detector (i) for a fixed luminosity L 0 . For definiteness we take L 0 = 5.3 · 10 53 ergs, which is the integral luminosity in theν e species determined in ref. [33] from the analysis of data in the constant temperature scenario without oscillations.
In fig. 4 we show the dependences of N (i) 0 for K2 and IMB on E 0e for different values of the ratios r L and r E . Also shown are the lines which correspond to the number of events observed in these detectors together with the 1σ bands.
While N (K2) 0 increases nearly linearly with E 0e (for E 0e > 6 MeV), the dependence of N (IM B) 0 is stronger as an effect of the higher energy threshold and slow rise of the detection efficiency with energy.
For E 0e = 11 MeV and r L = 1 the increase of N (i) 0 with r E does not exceed ∼ 30% for K2, while it can reach a factor of 3.5 at IMB (see Table 2 ). The increase is more sizable for lower E 0e , as can be seen in fig. 4 .
The numbers of events increase with r L : we see a change by ∼ 30% at K2 and by ∼ 75% at IMB for E 0e = 11 MeV and r E = 1.6.
In fig. 5 we show the dependences of the total number of events,
52 ergs. With increase of the conversion effect (increase of r E or/and r L ) the required luminosity decreases (see Table 1 ). E.g. we find: L e /L 0 = 0.78 for r E = 1.6. For IMB the effect is much stronger: The observed N (IM B) = 8 events can be obtained for L e /L 0 = 2.75 with no oscillations. The required luminosity decreases as down to L e /L 0 = 1.2 for r E = 1.6.
3). The conversion effect for K2 and IMB differ due to -different Earth matter effect; and -different experimental characteristics: thresholds and efficiencies of detection. In fig. 6 we show the ratio of the numbers of events at K2 and IMB, r N = N K2 /N IM B , as a function of E 0e . The experimental value is r N = 1.5. The ratio increases with the decrease of E 0e . The conversion leads to a decrease of r N , thus allowing to reconcile the required energy E 0e and the correct value of N K2 /N IM B . Taking E 0e = 11 MeV and r E = 1 we find that r N varies between 4.2 and 1.5 depending on r E (Table 1) .
In contrast to the numbers of events, the energies of the observed events at K2 and IMB are modified by the conversion in rather similar ways, so that their ratio is not affected significantly: ǫ (K2) /ǫ (IM B) = 0.62 − 0.66 (see Table 1 and fig. 4 ). The change is even weaker for lower E 0e .
The difference of conversion effects can be used to improve the agreement of the IMB and K2 signals (sec. 4). fig. 7 we show the dependence of the widths of the observed positron spectra, Γ (i) , on r E for different values of the pinching parameter α = α e = α x and r L = 1 (results for other values of r L are almost identical). It appears that this dependence is approximately linear for r E > ∼ 1.2. Conversion (i.e. r E > 1) leads to widening of the K2 and IMB observed scenario \ α Table 2 : Effects of different values of α = α e = α x on the observables in the no-oscillation case with parameters from Loredo & Lamb [33] (lines 1 -7) and in the case of oscillations with parameters from our concordance scenario given in secs. 3 and 4 (lines 8 -14) . spectra, and the widening is larger for larger r E , reaching ∼ 25 − 30% for r E = 2. We see a ∼ 10% decrease of Γ K2 and Γ IM B as α e increases from 2 to 5 (i.e., as the original spectra become more pinched).
4). In
The dependence of the observables on α is summarized in the Table 2 . We show results for two scenarios: (1) the no-oscillation best fit scenario of ref. [33] , with E 0e = 11 MeV, L e = 5.3 · 10 52 ergs and (2) the "concordance" scenario (see sec. 4) with conversion, E 0e = 8 MeV, L e = 8 · 10 52 ergs, r E = 1.6 and r L = 1. With the variation of α, all the quantities in the table change by at most 10%, with the exception of the number of IMB events, which can vary even by a factor of 2 with respect to the case α = 3. In particular, the decrease of α down to α = 2, leads to increase of N IM B by 65 -70 %. That is, in the "concordance" scenario a smaller α, α ≃ 2 could fit the numbers of events better. This however is compensated by the worsening of the fit to the average energies, so that the global fit does not improve.
SN1987A data and neutrino fluxes
Using results of the previous sections we now compare the data with predictions and make qualitative statements on the interpretation of experimental results and the determination of the original neutrino fluxes.
Let us consider the integral characteristics of the signals. We assume that all events are due toν e interactions and background. After background subtraction (according to [6, 7] ), we take the total number of events detected by K2 and IMB as
The experimental value of the average energy of the detected events equals
where the summation runs over all observed events in a given detector. We define the error of the average energy as
where ∆ǫ
is the error in the energy determination of the individual event. Similarly, we calculate the width:
and the associated error:
From the data we get the average energies:
and the widths:
We show these central values and the 1σ bands in the figs. 3 -7.
To compare those results with observations (26, 31) one needs to perform integration over time, taking into account the time dependence of the parameters of the original spectra (alternatively, one could analyze data in short periods of time, however the statistics is too small). Indeed, it is expected that during the neutrino burst there is a significant change in the parameters of spectra with time (see e.g. [35] and references therein). However, due to nearly linear dependences of the observables on the parameters, the relative conversion effect changes with time very weakly.
Let us perform time averaging of the relation (24) . If the ratios r E and r L depend on time weakly -which is expected during the cooling phase -then the A and B coefficients are nearly constant and for the time averaged energy we can write
where E 0e = dtE 0e /∆t. This means that the relation (24) , and the dependences in fig. 4 can be considered as the relation and dependences between the time averaged characteristics. Let us now consider numbers of events. Assuming linear dependence of N
(which may not be a good approximation for IMB), and weak change or r E and r L with time, we can write:
From this it follows that we can use the relations and figures constructed for instantaneous spectra or -equivalently -the time-independent scenario also for the case of timedependence, keeping in mind that the parameters E 0e , L e , r E , r L should be considered as some effective parameters obtained by appropriate averaging over the time of the burst. This still can be used to study the compatibility of signals in different detectors, but the real meaning of the parameters extracted is ambiguous and it depends on the detailed time dependence of instantaneous characteristics. In what follows we will use the same notations as in sec. 3, though one should keep in mind that these are the effective parameters.
1). Analysis of the Kamiokande-2 data only.
In the absence of oscillations, from fig. 3 we extract the value of the (effective)ν e average energy:
According to fig. 4 , for this energy and L e = L 0 the number of predicted events equals N e = 7.8 ± 1.5 which is about 1σ below of observed number, eq. (26) . The exact number of observed events can be reproduced if L e = 1.54L 0 = 8.2 · 10 52 ergs. The conversion leads to a decrease of E 0e . For instance, for r E = 1.6 and r L = 1 we find from fig. 3 :
According to fig. 4 , this gives N K2 = 6.3 ± 1.5 for L e = L 0 . So, correspondingly, a fit to the observed number of events implies even higher integral luminosity: L e = 1.9L 0 = (10.1±2.4)·10 52 ergs, which seems rather high, also keeping in mind the low average energies of neutrinos.
So, the K2 data alone disfavor strong conversion effect; though within 2σ even a strong effect (r E = 1.6 ) can be easily accommodated.
2).
Kamiokande-2 and IMB. For IMB, in the absence of oscillations, we find, from fig. 3 : E 0e = 14.7 ± 1.9 MeV, (1σ) (38) which is more than 3σ above the K2 result, eq. (36). According to fig. 4 for this energy and L e = L 0 the number of predicted events equals N IM B = 10 + 6/ − 4 which is in a very good agreement with the experimental result. The precise number of the IMB events can be reproduced for L e = 0.8L 0 .
Thus, the IMB signal implies about 2 times higher energies of events and 2 times smaller integral luminosity in comparison with K2.
Conversion leads to a decrease of the extracted energy and luminosity. For r E = 1.6 and r L we get
which is only 2σ above the K2 result for the same r E . With conversion effects, the agreement of the IMB and K2 results can improve. We can find a "concordance" set of parameters of the original fluxes which give a better description of all the available data: average energies, luminosities and widths. The latter can be affected significantly by the oscillations in the matter of the Earth.
The ratio of the average energies extracted from the K2 and IMB data approaches 1 with the increase of r E : E (IM B) 0e /E (K2) 0e = 1.7, 1.51, 1.43 for r E = 1.0, 1.6, 2.0. Notice however, that the difference does change significantly for r E > 1.6 being about 2σ. Furthermore, with the increase of r E both the extracted energies E (K2) 0e
and E (IM B) 0e decrease, and this makes it difficult to reproduce the total number of events, especially for IMB. Considering this, we find that the optimal energy is in the interval E 0e = (7 − 9) MeV, where one can get 1σ deviation from both K2 and IMB extracted values. This result does not depend on the luminosity L e .
Considering the numbers of events, notice that once the correct ratio
is reproduced, the numbers of events can be obtained by fitting L e . From the data we find
However, according to fig. 6 , for the small E 0e required by fit of the average energies the ratio r N turns out to be too large. Indeed, for r E = 1 (i.e., no oscillations), the "optimal" energy is E 0e = 10.3 MeV; for these parameters the ratio of number of events equals r N = 5.3.
We find E 0e ∼ 9.6 MeV and r N = 5.2 for r E = 1.2; E 0e ∼ 7.7 MeV and r N = 5.2 for r E = 1.6; E 0e ∼ 6.2 MeV and r N = 4.9 for r E = 2.0. So, r N is substantially larger than the experimental result and does not change practically by conversion once the parameters are optimized by the average observed energies. Let us now discuss the widths of the observed spectra Γ (i) , shown in fig. 7 (for E 0e = 11 MeV and r L = 1). One can see (see also eq. (32)), that the IMB spectrum has smaller width than the one of K2. The former is better reproduced without oscillations (or small r E ) and with large α, α ≃ 5, while the latter points toward the case of oscillations with r E > ∼ 1.6 and α ∼ 2. The widths Γ (i) decrease slightly (by ∼ 10%) with the decrease of E 0e ; we refer to Table 2 for results at E 0e = 8 MeV (concordance scenario).
To get an idea about the preferable values of parameters of the original spectra we calculate χ 2 defined as
for various sets of the parameters. Here
, are the numbers of events, average energies and widths of the positron spectra observed at Kamiokande2 and IMB.
Without oscillations and E 0e = 11 MeV, L = L 0 , α e = α x = 3 we find χ 2 = 18.1. With oscillations for E 0e = 8 MeV, L = 8 · 10 52 ergs, α e = α x = 3, r E = 1.6, r L = 1, we obtain χ 2 = 11.0 (see Table 2 for the dependence of results on the pinching parameters α z ). We checked that the improvement in the χ 2 is mainly due to the smaller deviation of the predictedǭ (K2) from the observed value. This deviation amounts to about 2.6 σ for nooscillations, and to ∼ 1.4 σ for the case with oscillations. Correspondingly, the contribution ofǭ (K2) to the χ 2 decreases from 7 to 2 when oscillations are included. Notice however that with decrease of E 0e implied by conversion effects, substantially larger integral luminosity is required to reproduce the numbers of events. The combination of smaller average energy and larger luminosity corresponds to a larger radius of the neutrinosphere: R ns ∝ E −2 0e L 1/2 . It follows that in the concordance scenario R ns is about 2.4 times larger than in the nooscillation scenario, which gives R ns ≃ 20 − 30 Km [33] . This increase is within the range allowed by the several uncertainties of astrophysical nature and individual variations from one star to another.
Thus we conclude that conversion leads to a certain improvement of the global fit of the data. The improvement requires lower average energies of originalν e spectrum and higherν e integral luminosity. Conversion effects lead to a better agreement of the observed average energies with the data sample, but this improvement is compensated partially by a worsening in reproducing the numbers of events.
3). Baksan results. If all the 5 events recorded by Baksan are attributed to signal, analyses of these data without oscillations lead to neutrino luminosities which are much larger than those implied by the K2 and IMB data samples (see the account in ref. [33] ). This indicates that part of the Baksan events are due to background, and, in absence of a specific prescription for background subtraction, it is difficult to include Baksan results in our analysis. In ref. [33] a method to account for a background origin of part of the Baksan events is proposed. Notice that in presence of oscillations the K2 and IMB data require larger neutrino luminosities, therefore it is possible that including neutrino conversion will reduce the number of the Baksan events attributed to background. 4). Spectrum of events. As we have marked in the introduction, the oscillation parameters we use are in the band determined previously from the fit of the energy spectra of K2 and IMB [18] (see also fig. 2 ). So the oscillation parameters, and in particular ∆m 2 , are already optimized to get the best description of spectra of events. We mark that, in contrast with what discussed in [18] , here the numbers of events and average energies of the observed positrons depend very weakly (about ∼ 2 − 5% at most) on the phase of oscillations in the Earth. This is motivated by the larger value of ∆m 2 used here, for which the permutation factor has faster oscillations with smaller depth. These oscillations can be seen in figure 2 (in which no averaging has been applied), however in the observed signal they are almost completely averaged out as an effect of the experimental energy resolution.
In fig. 8 we show the calculated spectra of the events at Kamiokande-2 and IMB for the "concordance" set of parameters of the original fluxes: E 0e = 8 MeV, L e = 8 · 10 52 ergs, r E = 1.6, r L = 1 (solid lines). Also shown are the spectra without oscillation for the best fit parameter set determined in [33] ("constant temperature model") (dotted) and the spectrum for the concordance set of spectral parameters without oscillations (dashed).
Comparing solid and dashed lines we conclude that the conversion effect is significant in the whole energy range for IMB and for ǫ > 15 MeV at K2.
At the same time the spectra with best fit values of parameters (without conversion) and with concordance set of parameters and conversion are rather close. The difference is mainly in the low energy K2 spectrum. We stress that, though similar,the spectra with and without conversion require substantially different parameters of the original spectra.
5 Discussion and Conclusions 1). After the identification of the solution of the solar neutrino problem and KamLAND results, we can definitely say that neutrinos from SN1987A underwent flavor conversion inside the star and oscillations in the matter of the Earth.
In the assumption of the normal mass hierarchy, the conversion probabilities can be calculated with good precision. We find that the permutation factor is about p = 0.28 − 0.30 due to conversion inside the star and oscillations in the matter of the Earth suppress the permutation. The Earth effect increases with energy, and at E ∼ 40 MeV p decreases down to 0.17-0.18.
2). The conversion effects on observables depend strongly on the properties of original neutrino fluxes, in particular, on the average energies and widths of the original spectra of ν e andν µ/τ .
For a given set of these parameters, conversion leads to an increase of the number and the average energy of the observed events as well as of the widths of the observed spectra. The conversion effects are different for K2 and IMB. By varying parameters in the ranges allowed by astrophysics, we have found that the average energy of events can increase by 30 -50 % and the number of events by 50 % for K2 and by up to a factor of 3 for IMB.
Vice versa, conversion changes the average energies and luminosities of the original neutrino fluxes extracted from the observations. In particular, it leads to a decrease of the original energies and luminosities ofν e . We find that the decrease can be up to ∼ 50 − 70%. This leads to uncertainty in the determination of parameters of the original spectra.
3). Comparing calculations with the real signals from SN1987A we find that the K2 data alone do not show significant conversion effect, and can be well described by original fluxes with small conversion effect. This would testify for small difference of the originalν e and ν µ spectra. At the same time the K2 data do not exclude strong conversion. In this case, however, the original spectra should have lower energies and higher luminosities in comparison with the no oscillation case.
The characteristics of original spectra extracted from K2 and IMB data exhibit substantial differences. These can be partially reduced by conversion effects. That is, the conversion improves the combined fit of the K2 and IMB data, though the improvement is not dramatic. It requires strongly different original spectra, r E = 1.5 − 2, low average energies of ν e -spectrum, E 0e = 6.5 − 8.5 MeV, and high luminosity: L e = (8 − 12) · 10 52 erg. The oscillations in the matter of the Earth substantially modify the high energy parts of the spectra of events at K2 and IMB.
Our conclusions are valid for normal mass hierarchy or inverted hierarchy provided that θ 13 is negligibly small. If the hierarchy is inverted and sin 2 θ 13 > ∼ f ew · 10 −4 , theν e ↔ν x permutation in the star is complete [24, 36] , so that theν e flux at Earth is entirely due to the original ν µ / ν τ flux. It follows that the parameters extracted from the data analysis refer to the non-electron flavors produced inside the star and therefore would lead to a completely different test of supernova theory, with respect to the non-oscillation case.
In this same scenario of mixing and hierarchy, the amount ofν e ↔ν x permutation could change at late times, as the supernova shock-wave reaches the external layers of the star, thus modifying the adiabaticity character of the θ 13 -induced MSW resonance [37, 38, 36, 39] . The effect on the time integrated neutrino signal is however small [38, 39] and negligible with respect to the large uncertainties of statistical and astrophysical nature on the SN1987A data. 4). In general, one needs to perform an analysis which employs the whole information contained in the data: both integral and the differential (energy spectrum, arrival time) as well as errors in determination of energies of events, background and angular information. In view of the small number of detected events, the optimal type of analysis would be along the lines of the work of Loredo Lamb [33] , with the conversion effects taken into account. The present study will allow to better understand the results of such a global fit. Our conclusions concerning the interpretation of the observed signals have qualitative character only. 5). It would be important to compare these results on SN1987A with those of future SN neutrino detections. The latter will have high statistics and therefore will provide the possibility to disentangle the oscillation effects and the properties of the original fluxes. We mark that many of the results presented here have general character and therefore will apply to future data as well. In particular, the effects of conversion in the star will be valid. At the level of probabilities (permutation factor), the effects of oscillations in the Earth will probably be different, due to different trajectory of the neutrinos in the Earth. However the difference with SN1987A may be negligible in the observed energy spectra if the energy resolution of the detector is larger than the size of the spectral modulations due to oscillations. The analysis of future supernova data will result in a better understanding of the generation of neutrino fluxes and therefore in more reliable predictions of fluxes also for SN1987A. In this way a more precise interpretation of the SN1987A signals can be done. The predicted widths of the K2 and IMB energy spectra as a function of r E for different values of the pinching parameter α e . The oscillation parameters are the same as in fig. 3 . We have taken E 0e = 11 MeV, r L = 1 and α x = α e . The dotted (horizontal) lines represent the experimental result with the 1σ error, eq. (32). 
